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Hydrogen is a widely used rocket fuel and methane is particularly of interest in Europe as a promising substitute
for H2. Experimental investigation of cryogenic reactive coaxial sprays with oxygen as an oxidizer and hydrogen
and methane as fuels is conducted to prove whether concepts from theLOX=H2 injector design can be transferred
toLOX=CH4 injection. The liquid oxygen has been atomized in shear coaxial atomizers, and the sprays and ﬂames
have been investigated by visualization methods such as shadowgraphy and imaging of the ﬂame emission. LOX
sprays are characterized for both propellants by the intact core lengths and droplet numbers, and the combustion
is analyzed in terms of the ﬂame anchoring mechanism and the ﬂame spreading angle. The results for LOX=H2-
andLOX=CH4-spray combustion are compared, and the inﬂuence of the injection conditions of the propellants on
atomization and spray ﬂame is discussed. Signiﬁcant differences of the sprays and ﬂames have been observed for
the two propellant combinations at similar injection conditions, as deﬁned by the Weber number and the
momentum ﬂux ratio. The ﬂame stabilization process has shown a strong inﬂuence on the atomization and ﬂame
characteristics.
Nomenclature
a = thermal diffusivity
d, D = diameter
J = gas-to-liquid momentum ﬂux ratio, J  u2g=u2l
L = intact liquid core length
Oh = Ohnesorge number, Oh l=

ldl
p
Re = Renolds number, Re ud=
Rv = gas-to-liquid velocity ratio, RV  ug=ul
S = ﬂame speed
t = LOX post thickness
u = velocity
We = Weber number based on relative velocity,We
gug  ul2dl=
 = ﬂame thickness
 = viscosity
 = density
 = surface tension
Subscripts
F = ﬂame
f = fuel
g = gas
L = laminar
l = liquid
o = oxygen
I. Introduction
H YDROGEN is widely used as the fuel of liquid rocket enginesbecause it delivers the highest speciﬁc impulse compared to
other fuels, including hydrocarbons. This advantage ofH2, however,
is compromised in part by other performance characteristics as, for
example, its cryogenic and low-density properties, costs, and
difﬁculty of handling. Other noncryogenic propellants like the
hypergolic MMH=NTO are toxic where nontoxic propellant
substitutes are most desirable. For this reason hydrocarbons have
come into focus in Europe as fuels for rocket propulsion, among
these, CH4 and kerosene are particularly of interest. The main
advantages of using hydrocarbons are the high propellant density,
reduced handling effort, and reduced safety precautions.
Propellant injectors are key components controlling liquid fuel
atomization, mixing, combustion, and thus by amajor part efﬁciency
and stability of combustion in rocket engines. For LOX=H2
combustion chambers, the standard injection element is the shear
coaxial injector as shown in Fig. 1. Liquid oxygen is injected through
the central tube and the gaseous fuel through the annular slit.
The atomization in coaxial injection is due to a complex
interaction of several forces. Turbulence in the liquid jet aswell as the
adaptation of its velocity proﬁle to the new boundary conditions
when the liquid jet leaves the injector may result in distortions of the
liquid jet surface. These surface distortions which are ampliﬁed by
aerodynamic forces of the high-speed annular gas ﬂow, along with
liquid jet destabilization, will result in ﬁnal jet disintegration.
Viscosity and inertia of the liquid have damping effects on the
disintegration dynamics. Because of the complexity of the
disintegration the basic mechanisms leading to atomization are
neither completely identiﬁed nor well modeled [1]. Therefore the
design of injectors is mainly based on empirical correlations that use
nondimensional parameters characterizing the relative importance of
the contributing forces. These nondimensional numbers are formed
from the geometrical characteristics of the injector and the ﬂuid-
dynamic properties of the propellants.Most prominent in this context
are the Weber number, the ratio of the aerodynamic force to the
surface tension,
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We gug  ul
2dl

and the momentum ﬂux ratio
J u
2g
u2l
TheWeber number was used by Farago and Chigier [2] to classify
the atomization process according to morphology of the dis-
integrating liquid jet. They found that the Weber number controls
whether the atomization process is in the Rayleigh breakup regime
(We < 25), and it shows a membrane-type breakup (25<We<
100) or a ﬁber-type breakup (100<We < 500). Based on water/air
experiments Engelbert et al. [3] pointed out the inﬂuence of the local
Weber number on the droplet size instead of theWeber number in the
injector exit plane. These experiments further showed the inﬂuence
of the momentum ﬂux ratio on the breakup length. Lasheras et al. [4]
derived for the dependence of the breakup length L on J:
L
dl
 6
J
p (1)
Recent research on coaxial jet breakup lengths conducted by
Davis [5] and Woodward et al. [6] showed considerably longer
breakup lengths than predicted by the above correlation of Lasheras
et al. The correlation derived by Davis from cold-ﬂow experiments
for two-phase coaxial jets was
L
dl
 25
J0:2
(2)
For single-phase coaxial jets in supercritical regime:
L
dl
 12
J0:5
Woodward et al. suggested a ln J scaling for correlating the LOX
dense core length from their limited LOX=H2 hot ﬁre data at
supercritical conditions.
There are other nondimensional groups related to liquid jet
atomization, for instance, the velocity ratio, the Ohnesorge number,
and the liquid Reynolds number. The velocity ratio RV  ug=ul had
been found in experiments to be a nondimensional group
characterizing LOX=H2-spray ﬂames in respect to combustion
stability [7] or combustion efﬁcieny [8]. Drop breakup regimes in
cold ﬂows [9,10] have been classiﬁed by the Ohnesorge number
Oh l=

ldl
p
. As a ratio of inertial and viscosity, liquid jet
Reynolds number may also play a role in jet disintegration as Eroglu
and Chigier [11] observed for airblast coaxial atomizers at low
Weber number (We < 300).
The relative importance of the forces involved in the atomization
process strongly depends on the injection conditions, the physical
properties of the propellants, and the localﬂowﬁeld in the spray. This
is the reason why even in nonreacting sprays correlations derived
from experimental results only show a rough agreement, for
example, there are inconsistencies on which property increases or
decreases droplet size [8]. An extrapolation of correlations obtained
in cold-ﬂow tests with water to cryogenic conditions with the low
level of surface tension and viscosity of liquid oxygen is therefore
highly unreliable. This is due to the fact that theReynolds numbers of
liquid oxygen are generally 1 order of magnitude below
representative conditions (Re 105–106) when using substitute
ﬂuids such as water.
For cold-ﬂow coaxial injection, there are numerous experimental
and theoretical investigations [1–5,10–16]. The major question,
however, is whether and how results from cold-ﬂow tests can be
transferred to hot ﬁre conditions. Unfortunately there are not very
much data with systematic parameter variation for reactive sprays
available. In Fig. 2, an image of the emission of the OH radical in the
ﬂame of coaxial LOX=H2 spray is shown. It is clearly seen that the
ﬂame is stabilized in thewake of the rim of the central LOX tube, also
known as LOX post. As a consequence, the LOX jet is separated
from the annular H2 high-speed gas ﬂow by the reaction front and a
turbulent mixing layer of hot reaction products and reactants.
Combustion in hot ﬁre tests has therefore several consequences for
the atomization process.
For an attached ﬂame, the liquid oxygen jet is not directly exposed
to the aerodynamic forces of the annular gaseous fuel ﬂow, but these
forces have to be transmitted by the turbulent mixing layer to the
liquid surface. As a consequence the spray formation may happen
under a different atomization regime as compared to cold-ﬂow
conditions. Visualization of LOX sprays at identical injection
conditions in cold ﬂow and hot ﬁre tests for instance clearly shows
the faster evaporation of the small LOX droplets in the reactive ﬂow.
From this discussion, the limitations of cold-ﬂow tests in
predicting hot ﬁre atomization become evident.When discussing the
role of the fuel properties on the atomization process it is not enough
to focus only on the physical properties of the fuel like its density,
injection velocity, etc., but the kinetic properties of the reaction
partners, and the turbulent transport properties have to be taken into
account as well.
Flame anchoring at the LOX post as shown in Fig. 2a has been
consistently observed for LOX=H2 injection [17–20]. However with
a different fuel type such as CH4, a lifted ﬂame anchoring in the
turbulent mixing layer of evaporated LOX and gaseous fuel is also a
possible ﬂame anchoring mechanism (see Fig. 2b). In this case the
interaction of combustion with the spray formation process starts
downstreamof theﬂame anchoring position. Juniper andCandel [21]
derived from numerical investigations that the nondimensional
quantity   t=F, the ratio of LOX-post thickness t and the ﬂame
thickness F, is a control parameter for the ﬂame stabilization
behavior.
There is a huge database on LOX=H2 combustion in Europe. It is
worthwhile then to compare LOX=CH4- to LOX=H2-spray
Fig. 1 Sketch of a coaxial injector.
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CH4
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a) LOX/H2-flame anchored at the LOX-post b) Lifted flame anchoring in the O2/CH4 shear layer 
Fig. 2 Different ﬂame anchoring mechanisms. Shown is the imaging of OH emission a) observed in a model combustor at the test bench P8 of DLR
(German Aerospace Center), and b) this work.
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combustion to prove whether concepts from LOX=H2-injector
design can be transferred to LOX=CH4 injection. Comparing the
thermophysical properties it can be assumed that there may be
limitations. Some properties of the propellants at the test conditions
of this paper are listed in Table 1 where differences can be identiﬁed.
At the injection conditions the density of methane is more than
2 times the density of H2 and the speciﬁc heat only about 0.2 times
that of H2 at typical injection conditions. The combination of these
properties shows the impact on the ﬂame through thermal diffusivity.
The ﬂame thickness F is related to the laminar ﬂame speed SL and
the thermal diffusivity a by the following equation: F  2a=SL
[26]. The laminar ﬂame speed for CH4=O2 is about a factor of 2.5
below the value for H2=O2, which may be of great importance for
ﬂame propagation and stabilization during the ignition transient and
ﬂame anchoring phenomenology at stationary conditions. And the
remarkable difference in ignitability in the fuel rich limit has to be
pointed out.
The experimental work presented in this paper is dedicated to
show the inﬂuence of the fuel properties and its kinetics on
atomization and combustion by comparing LOX=CH4- and
LOX=H2-spray combustion phenomenology.
II. Test Setup
A. Test Bench and Combustor
The experimental investigation had been performed on theM3 test
facility at DLR-Lampoldshausen, Germany. The test bench is
equipped with a single-injector combustion chamber (see Fig. 3)
with 140  40 mm2 quartz windows for optical access for
visualizing the spray and ﬂame development. Combustion can be
initiated in two ways: a torch igniter or Nd:YAG-laser induced
plasma. The latter method produces precise ignition energy, timing,
and positioning. Propellants mass ﬂow rates were chosen to achieve
0.15 MPa combustion chamber pressure once steady-state
conditions are reached. The duration for each test was 2 s because
the optical windows were uncooled. The Weber and J-number
combinations were varied in the investigation from 500–16,000 and
from 0.2 to 2.0, respectively, via changing the LOX post and
faceplate geometry of the coaxial injector. The main parameters of
injector geometries and test conditions were summarized in Table 2.
To check the experimental reproducibility, at least two tests were
conducted for one experimental test case.
The experimental conditions are representative of real engines in
respect to the temperature of the cryogenic propellants. Regarding
the J and Weber numbers, the experiments reﬂect the lower
boundaries of representative conditions for LOX=H2-rocket
combustors. The chamber pressure, limited to 0.15 MPa in these
tests by the experimental setup, mainly inﬂuences the surface tension
of liquid oxygen and the coaxial gas density. In spite of the chamber
pressure limitation, the results presented may help to understand the
interaction between atomization and ﬂame characteristics and to
prove whether concepts from LOX=H2-injector design can be
transferred to LOX=CH4 injection.
B. Flow and Flame Visualization Techniques
A high-resolution shadowgraph setup was used for obtaining the
liquid oxygen spray information. Shadowgraphs have been recorded
using a Kodak Flowmaster 2k camera with a high spatial resolution
of 0:055 mm=pixel and 4 frames=s acquisition rate. The ﬂowﬁeld
was “frozen“ by means of a back light from a nanolite with a 18 ns
ﬂash duration.
Flame development was visualized with an intensiﬁed high-speed
charge-coupled device (CCD) camera with a 9 kHz acquisition rate
and a 256  128 pixel resolution. The camera was ﬁtted with a UV
lens and a narrowband ﬁlter (300–310 nm) to record the OH-radical
emission during the combustion process.
III. Data Reduction
A. Spray Information from Shadowgraph Images
1. Liquid Intact Core Length
Liquid intact core length, which is also called “breakup length” or
“decay length,” refers to the distance from an injector exit surface to
the point a continuous jet breaks up. This is the most straightforward
spray information that can be extracted quantitatively from
shadowgraph images. Images are processed as shown in Fig. 4 by
converting an intensity image into a binary image and labeling the
disconnected components as different objects. The most upstream
object is taken as the liquid intact core.
The dependence of intact core length determination on the
threshold value has been tested on three typical images as shown in
Fig. 5. If the threshold value is chosen to be too small, bright liquid is
identiﬁed as background, and hence the evaluated core length would
be too small. If the threshold is too high, then the evaluated intact core
length will be too large. The threshold value is the most critical
parameter in the process of intact core length determination. There
exists a threshold range in which the discrimination between liquid
and background is not sensitive to the threshold. In Fig. 5 the intact
core lengths determined from one image vary less than 3% for a
Table 1 Thermophysical properties of propellants at injector exit
conditions of this paper: P 0:15 MPa, T  80 K for LOX andH2,
ambient temperature for CH4 [22,23]
O2 CH4 H2
Critical temperature, K 154.6 190.5 32.9
Critical pressure, MPa 5.04 4.60 1.28
Reduced pressure, P=Pcrit 0.030 0.033 0.12
Reduced temperature, T=Tcrit 0.52 1.51 2.43
Density, kg=m3 —— 1.01 0.456
Viscosity, Pa  s —— 10.86 3.57
Speciﬁc heat, J=kg  K —— 2213 10,766
Thermal conductivity,W=m  K —— 0.0329 0.0566
Thermal diffusivity, 105 m2=s —— 1.47 1.15
Laminar ﬂame velocity @ ambient
[24], m=s
—— 3.93 10.7
Ignitability limits [25], Vol % —— 5.1–61 4–94
Fig. 3 The M3 combustor.
Table 2 Injector geometries and test conditions
LOX=H2 injector LOX=CH4
injector
LOX-post inner diameter do,
mm
1.2 1.6 1.4, 1.6
LOX-post thickness t, mm 0.4 0.4
Annular slit diameter df ,
mm
4.8, 5.2,
5.7
4.9, 5.7,
6.9
5.0, 5.7,
6.9
LOX inlet temperature, K 80 80
Fuel inlet temperature, K 80 Ambient
temperature
LOX mass ﬂow rate, g=s 8–20 11–24
Propellant mixture ratio 5.5 3.4
Combustion pressure, MPa 0.15 0.15
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variation of the threshold level between 10 and 35. The speciﬁc
threshold for each test condition has been chosen individually
depending on the image characteristics and is typically in the range of
25–30.
During stationary ﬂow conditions the length of the intact core
varies due to the intrinsic instability of the liquid jet atomization
process. The variation of the core lengths evaluated from different
images in one test is therefore much higher than the error due to the
chosen threshold level. For instance, the standard deviation of the
intact core lengths measured in one test at conditions of Fig. 4 is
20.3% of the mean but the error from thresholds is less than 3% as
mentioned above.
2. Liquid Droplet Number
The objective of liquid jet atomization is to break up a jet into
droplets as ﬁne as possible to maximize the liquid surface area.
Although we cannot get droplet sizes from shadowgraph images,
numbers of droplets discernible in the shadowgraph images may be
counted as a quantitative way to characterize the atomization
process.
The raw images have to be converted into binary images to label
droplets, including the jet itself and other large liquid structures, as
different objects. The results are more sensitive to image processing
as compared to the determination of the liquid core length. Droplets
have to be discriminated against the background in a much larger
image area with a variation of the background level as compared to
the liquid intact core. Contrast enhancement has been done on image
subareas which then have been converted into binary images (see the
top images of Fig. 6). The subareas and the threshold level have been
tuned by the operator’s judgment so that the binary images reﬂect the
main information observed in the original image. Droplet numbers
obtained by this process appeared to vary by about 12% in the
selected threshold range. The major contribution to this error
originates from the image noise.
Because of the spatial resolution limitation (55 m) of the
shadowgraph images, only drops at least larger than 1–2 pixel size
can be identiﬁed. This introduces systematic errors in the
determination of droplet numbers. At the same time, the discernible
drops are very different in their sizes and this information of
atomization cannot be reﬂected by the droplet numbers. With these
limitations inmind a qualitative comparison of the results obtained in
different tests is done. Although the droplet-number information is
only a rough statistic of the atomization process it appeared to be very
effective in analyzing the Weber and J effects on atomization as
shown in the next section.
B. Flame Information from OH Images
OH-emission images have been processed to obtain the ﬂame
spreading angle. A ﬂame angle is estimated from the average of OH
images in one test run. The ﬂame boundary is determined by
separating the ﬂame from the background by using an adequate
threshold to remove image noise such as signals due to reﬂection
from the combustor walls (see Fig. 7). Two lines are ﬁtted to the
boundary of the conical ﬂame surrounding the LOX spray. Half of
the angle between these two lines represents the ﬂame spreading
angle. Based on the sensitivity of the spreading angle on varying the
threshold in the grayscale range of 45–55, we estimated an accuracy
of about 4% of the angle.
IV. Results and Analysis
A. Sprays
1. Qualitative Comparison of Sprays in LOX=H2 and LOX=CH4 Hot
Fire Tests
As shown in Figs. 8–10, liquid oxygen sprays behave very
differently in LOX=H2 and LOX=CH4 hot ﬁre tests. If coaxial spray
atomization is mainly controlled by the dimensionless numbers
         
a) Intensity image (LOX/H2, We=9844, J=1.28) b) Binary image
Fig. 4 Processing of shadowgraph images for liquid intact core length.
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Fig. 5 Effect of thresholds ondetermination of liquid intact core length.
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Fig. 6 Processing of shadowgraph images for droplet numbers.
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Weber and J as supposed before, the atomization scenes should be
similar at similar Weber and J conditions. What is found in the
experiments is contrary to this, with the jet surface being much
wavier, and more ligaments and droplets form around the wavy
liquid core in LOX=CH4 compared to LOX=H2 tests. The
dimensions of blobs and ligaments are smaller and droplets can be
found at larger radial distances from the jet for LOX=CH4. Larger
amplitude of the lateral pulsation of the spray and earlier jet surface
instability development results in shorter liquid intact core length in
CH4 sprays. These phenomena become more obvious with
increasing Weber and J numbers and the spray shows dramatic
differences especially at high Weber and J numbers as shown in
Fig. 10. Test conditions for the images in Figs. 8–10 are listed in
Table 3.
    
a) Average image of the flame   b) Flame angle calculation 
Fig. 7 Processing of OH images for ﬂame angles.
a) We=2208, J=0.3 c) We=1843, J=0.22
b) We=2462, J=0.73 d) We=2498, J=0.95
Fig. 8 J effect at the Weber number around 2000 for a), b) LOX=H2 tests, and c), d) LOX=CH4 tests.
a) We=5142, J=0.68 c) We=5444, J=0.91
b) We=5014, J=1.46  d) We=8023, J=1.67 
Fig. 9 J effect at the Weber number around 5000 for a), b) LOX=H2 tests, and c), d) LOX=CH4 tests.
a) We=9844, J=1.28 b) We=9885, J=1.62  
Fig. 10 Comparison at the Weber number around 10,000 for a) LOX=H2 test, and b) LOX=CH4 test.
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Although the comparison of LOX-spray behavior inLOX=H2 and
LOX=CH4 hot ﬁre tests shows that with the presence of combustion,
atomization becomes more complex and there must be other
controlling parameters besides Weber and J, the two numbers still
show their clear effects on atomization. In Figs. 8 and 9 the effect of
the J number at similar Weber number can be seen for a Weber
number around 2000 in Fig. 8 and near to 5000 in Fig. 9. Higher gas/
liquid momentum ﬂux ratio J has the tendency to promote jet
instability and to result in an earlier onset of jet disintegration. This
J effect keeps working at different Weber conditions both in H2 and
CH4 tests.
If Figs. 8b and 8d are compared with Figs. 9a and 9c, and Figs. 9b
and 9d with Figs. 10a and 10b, respectively, the Weber effect can be
seen at J 0:7–0:9 and J 1:3–1:6. As a ratio of aerodynamic and
surface tension forces, the Weber number represents the relative
disturbance of the gaseous coﬂow to the jet surface. With increasing
Weber number, ligament and droplet dimensions become smaller
and secondary atomization is augmented, especially shown in the
images of LOX=CH4 tests. The effect results in ﬁner droplets at
shorter downstream distance from the injector exit. Droplets are also
transported to larger radial distances from the spray axis at higher
Weber number, an effect particularly obvious in LOX=CH4 tests.
The very dark upstream region in Fig. 8d is due towater condensation
on the optical windows, which has been processed to enhance the
contrast of the region.
After this qualitative description of sprays in LOX=H2 and
LOX=CH4 hot ﬁre tests, a quantitative analysis is given to support
the arguments above.
2. LOX Intact Core Length
Processing the shadowgraphs as described in Sec. III, the intact
core lengths of the liquid oxygen sprays in LOX=H2 and LOX=CH4
hot ﬁre tests at different injection conditions are determined and
shown in Figs. 11a and 11b respectively. The x axis represents J
number and the color bar shows a rough scale of the Weber number.
The uncertainty of the values is about 20% for the J number and
about 10% for the Weber number.
The evaluated LOX intact core length presents a great variation
even at very similar conditions. This is the reasonwhyonly a linearﬁt
is given just to show the tendency of the effect of J. The standard
deviation of the core length from the mean at a condition is also
shown in Fig. 11. Considering the development of the jet instability
as the reason of jet disintegration, it is reasonable to assume that the
position of the primary disintegration point is pulsating with certain
amplitude. What have been recorded in the images are different
phases of jet pulsation and result in the variation of the intact core
length during one test.
It is clearly seen that the LOX intact core length in LOX=H2 tests
are much longer than in LOX=CH4 tests at similar Weber and J
conditions (more than 30% longer at J < 0:5 and 20% longer at
J 1:5). The results of Porcheron et al. [15] show the amplifying
effect of gas/liquid density ratio on primary jet disintegration and a
correlation is given as liquid core lengthL=Do / g=l0:38 based
on experimental results. This result gives an indication that the much
higher density ofCH4 as compared toH2 (see Tables 1 and 3) may be
the reason of shorter intact core length for CH4 tests even when
injection conditions in terms of Weber and J numbers are similar.
The higher gaseous Reynolds numbers in LOX=H2 tests seem to not
promote the primary breakup of the LOX jet.
The mean intact core length is decreasing with increasing J
numbers. TheWeber number does not show a similar obvious effect
on the intact core length as J. At relative low Weber number
(We <5000), the LOX core length in H2 tests shows a slightly
inverse relationshipwithWeber, but at highWeber the effect tends to
diminish in both tests. The J and Weber effects on intact core length
have been found to be similar in H2 and CH4 tests.
The intact core length calculated from Eq. (1) of Lasheras et al. [4]
and Eq. (2) of Davis [5] is comparedwith the core lengthmeasured in
this work in Fig. 11. Results predicted by Lasheras are almost 1 order
Table 3 The detailed test conditions for images in Figs. 8–10
Test Dl, mm Dg, mm We J ug, m=s ul, m=s Reg Rel g=l
LOX=H2
Figure 8a 1.6 6.9 2208 0.30 226 8.2 138,200 56,200
3:9e-4
Figure 8b
1.6 5.7
2461 0.73 235 5.5 105,600 37,500
Figure 9a 5142 0.68 340 8.2 152,800 56,200
Figure 9b
1.6 4.9
5014 1.46 333 5.5 113,400 37,500
Figure 10a 9844 1.28 467 8.2 159,000 56,200
LOX=CH4
Figure 8c 1.4 6.9 1843 0.22 159 9.6 64,100 57,600
8:0e-4
Figure 8d
1.6 5.7
2498 0.95 167 4.9 47,400 33,300
Figure 9c 5444 0.91 247 7.4 70,100 50,500
Figure 9d
1.6 5.0
8023 1.67 228 4.9 51,000 33,300
Figure 10b 9885 1.62 330 7.4 73,800 50,500
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Fig. 11 J and Weber effects on liquid intact core length with standard deviations.
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shorter than the core lengths of Davis and this work. Davis’s
correlation is in good agreementwith the LOXcore length in theCH4
hot tests.
3. Droplet Numbers
The evaluated droplet numbers of liquid oxygen sprays in
LOX=H2 and LOX=CH4 hot ﬁre tests are shown in Figs. 12a and
12b, respectively.
TheWeber number is chosen as the x axis in Fig. 12; this is due to a
strong relationship between the droplet number and Weber number
with an alteration of the J having a small effect. The correlation of
droplet number data with the Weber number is better than that of
intact core length with J in Fig. 11. In the graphs it is clearly shown
that more droplets and ligaments form and peel off a jet at higher
Weber number both in theH2 andCH4 tests. According to Engelbert
et al. [3], droplet formation is mainly characterized by the local
Weber number. The result implies higher local Weber number at
higher injection Weber due to the augment of bulk velocity in the
chamber with increasing injection Weber number.
Considering liquid intact core length and droplet numbers as
manifestations of primary breakup and secondary breakup,
respectively, the effects of J andWeber numbers could be explained
from the physical meanings of the two parameters. A high gas/liquid
momentum ﬂux ratio J at the injector exit means relative lower liquid
jet inertia, which implies reduced tendency of the jet to resist
changes. A jet with lower inertia is easier to disturb and shows an
earlier onset of primary jet disintegration. The effect of the initial jet
inertia almost fades away after the primary jet disruption and that is
the reason why J has little effect on droplet numbers. The local
Weber number controls secondary breakup and results in more and
ﬁner droplets. The quality of secondary breakup does not show a
close relationship with the primary breakup length.
There is a notable difference of droplet numbers in theH2 andCH4
tests. The reason for lower droplet numbers inH2 testsmay be related
to 1) the higher chemical reaction rate forLOX=H2 resulting in more
consumption of gaseous oxygen and thus the partial pressure
gradient of gaseous O2 is increased. This should enhance the
evaporation rate of liquid oxygen. 2) The higher rate of chemical heat
release promotes the evaporation of oxygen droplets.
The clear effects of Weber and J numbers on LOX sprays and the
great differences betweenLOX=H2 and LOX=CH4 sprays in hot test
implies the signiﬁcant inﬂuence of combustion properties on
atomization behavior.
B. Flame
1. Flame Anchoring
As described in Sec. III, the OH emission within the reaction zone
was recorded to obtain quantitative information on the ﬂame
patterns. Comparing LOX=H2 and LOX=CH4 ﬂames it is found that
LOX=H2 ﬂames are always attached to the injector rim, whereas
LOX=CH4 ﬂames are easily lifted off under the conditions tested in
this work. The distance of the ﬂame base position to the injector face
plate can be 8 times the LOX-post diameter for the case in Fig. 13d.
Flame stabilization in the turbulent two-phase ﬂow depends on
many factors. The primary reason for the liftoff potential of CH4
ﬂame is the much slower kinetics compared with H2 (see Table 1).
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Fig. 12 Weber and J effects on LOX-spray droplet numbers.
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Fig. 13 Weber effect on LOX=CH4-spray ﬂame for a), b) LOX=H2 tests, and c), d) LOX=CH4 tests.
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Figure 13 shows as an example the different ﬂame patterns for the
two propellant pairs under similar Weber and J combinations.
Lifted ﬂames give their ﬁngerprint also in the shadowgraph
images. For the lifted ﬂames a distinct change in the spray pattern has
been observed at the ﬂame anchoring position marked by the arrows
in Fig. 14. Upstream of the anchoring position the spray is rather
conﬁned in a small angle and few isolated liquid ﬁbers and droplets
are visible. At the anchoring position a sudden increase of the
spreading angle of the spray is observed. The sudden expansion of
the spray may be due to the rapid reactive heat release starting from
the anchoring point. This clearly demonstrates the inﬂuence of the
ﬂame anchoring mechanism on the spray pattern.
No signiﬁcant correlation of the liftoff distance with the
nondimensional numbers Weber and J has been found. Although
one would expect that the liftoff distance is increasing with
increasingCH4 velocity and thuswith increasingWeber number, this
seems not to be the case in our results.
2. Flame Angle
The dependence of the ﬂame angles for LOX=CH4 and LOX=H2
sprayﬂames on theWeber number is shown in Fig. 15.A comparison
of the results for both propellants shows increasing Weber-number
results in an increasing ﬂame spreading angle. The methane data
shown in the graph can be separated into two groups: one for lifted
ﬂames and the other for attached ﬂames. Lifted ﬂames have only
been observed for methane and ﬂame angles of lifted are much
broader than for attached LOX=CH4 ﬂames. For attached ﬂames
similar results are observed for LOX=H2 and CH4.
TheWeber dependence of the ﬂame angle is in agreement with the
observed Weber dependence of droplet numbers and the radial
dispersion of droplets. Unlike for Weber number, no signiﬁcant
correlation of the ﬂame angle with either the momentum ﬂux ratio or
the velocity ratio has been found. It is worth noticing that the ﬂame
angles in single-injector experiments may be broader than ﬂame
angles from multi-injectors tests since there is no conﬁnement by
other streamlines from neighboring injectors.
V. Summary and Conclusions
By comparing LOX=H2 and LOX=CH4 spray combustion
phenomenology, signiﬁcant differences of the sprays and ﬂames
have been observed for similar injection conditions as deﬁned by
Weber number and momentum ﬂux ratio.
Compared to sprays of LOX=H2 for hot ﬁre tests, LOX=CH4
sprays present shorter liquid oxygen core length, more discernible
droplets, and larger spray dispersion at similar injectionWeber and J
numbers.
The effect of J andWeber numbers on atomization in hot ﬁre tests
is similar to the ﬁndings under cold-ﬂow conditions: the J number
mainly governs the primary breakup of the liquid jet and thus
determines the liquid core length, and the Weber number mainly
inﬂuences secondary atomization and ﬂame angles.
Anchored LOX=CH4 ﬂames show similar ﬂame angles as
anchored LOX=H2 ﬂames. Lifted ﬂames are only observed for
LOX=CH4 and these ﬂames show larger ﬂame angles as the attached
ﬂames. This together with the data from the spray visualizations
proves the strong coupling between ﬂame stabilization process,
ﬂame characteristics, and atomization.
From the results obtained until now, it is obvious that
nondimensional numbers characterizing the ﬂuid-dynamic inter-
action of the two ﬂuids at the injector exit are not sufﬁcient to scale
coaxial injector performance in hot ﬁre tests from one fuel to another.
At identical injection conditions in terms of Weber number and
momentum ﬂux ratio, especially the ﬂame stabilization mechanisms
may be different for different fuels. Scaling of injector designs for
different types of fuel has therefore to take into account kinetic and
transport properties associated with combustion.
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